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Meanwhile, 0.5 mg of Cys-SpyCatcher protein was dissolved in 50 µl of HeBS and reduced for 1 hr with tris(2-carboxyethyl)phosphine (Immobilized TCEP Disulfide Reducing Gel, 77712, ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. The reduced SpyCatcher protein was then mixed with 55 µl of 100 mg/ml sulfhydryl-blocked bovine serum albumin (BSA; 100-10SB, Lee Biosolutions, Inc., Maryland Heights, MO, USA) in HeBS. The bead solution was injected into the protein mixture and incubated at 4 °C overnight to allow the covalent attachment of the SpyCatchers' unique cysteines to the maleimide residues on the pedestal bead. The beads were then washed three times with 1 ml of HeBS and resuspended to a volume of 100 µl in HeBS. Any unreacted maleimide was quenched by addition of 100 µl of 1 M L-cysteine (11033-016, Gibco BRL, Gaithersburg, MD, USA) in HeBS and incubation for 1 hr.
Finally, the beads were washed three times and stored at 4° C in HeBS with 0.02 % sodium azide (71289, Sigma-Aldrich, St. Louis, MO, USA).
Covalent attachment of pedestal beads
We covalently attached pedestal beads through the surface amine groups of their SpyCatcher molecules to COOH-modified glass coverslips through carbodiimide crosslinking. Glass coverslips (12-545-81 , Thermo Fisher Scientific, Waltham, MA, USA) were cleaned by sonication in ethanol for 15 min. After drying under a stream of oxygen, the coverslips were transferred to a solution of 1.5 g Nochromix (Godax Laboratories, Cabin John, MD, USA) in 60 ml sulfuric acid (A300S-500, Thermo Fisher Scientific, Waltham, MA, USA) and incubated for 3 hr. We then washed the coverslips three times with deionized water followed by three washes with ethanol. During each wash the coverslips were sonicated for five minutes in a bath sonicator. The slides were dried under a stream of oxygen gas and oxidized for 30 min in an ultraviolet ozone cleaner (PC440, Bioforce Nanosciences, Salt Lake City, UT, USA). In this step oxidation occurred on only one side of the coverslips, the "functional" side, which was used in all the subsequent steps.
We vapor-deposited an aminosilane layer onto the oxidized glass surfaces by placing the coverslips into a gas-tight glass container together with-but not submerged in-100 µl of (3-aminopropyl)trimethoxysilane (281778, Sigma Aldrich, Inc, St Louis, MO, USA) dissolved in 10 ml of toluene (T324-1, Thermo Fisher Scientific, Waltham, MA, USA) 6 . The container was incubated overnight at 80 °C. Following the vapor deposition, the coverslips were washed three times in ethanol, dried, and placed into a solution of 50 mg succinic anhydride (S7626, Sigma
Aldrich, St Louis, MO, USA) dissolved in 1 ml dimethyl sulfoxide (D4540, Sigma Aldrich, St Louis, MO, USA) and left to incubate at room temperature for at least 3 hr. This step converted the vapor-deposited amine groups into carboxyl groups and rendered the surface suitable for coupling. The carboxylated slides were then rinsed three times with ethanol and either used immediately or stored in ethanol for up to 72 hr.
Assembly of samples
To assemble a sample, a carboxylated coverslip was dried and secured with vacuum grease onto a metal washer, so that its functional side contacted the washer (SI Appendix, (HeBS-Ca, 20 mM Hepes, 100 mM NaCl, 1 mM CaCl2) onto the mounted coverslip. Immediately after removing the solution except for a thin film to keep the active surface from drying, we pipetted pedestal beads in HeBS-Ca onto the activated surface and allowed to react for 2 hr.
Mounting a second coverslip on the top of the washer closed the sample chamber. Access ports in the washer allowed the exchange of solutions within the chamber. To reduce non-specific interactions of PCDH15 with the beads, we exchanged the fluid to blocking-buffer solution containing 10 mg/ml sulfhydryl-blocked bovine serum albumin (100-10SB, Lee Biosolutions, Inc., Maryland Heights, MO, USA), 150 mM NaCl, 20 mM Tris-HCl, and 3 mM CaCl2 at pH 8. The sample was stored overnight at 4 ˚C before addition of the PCDH15 molecules.
Sample preparation PCDH15 monomers were diluted into blocking-buffer solution and flushed into a sample chamber. The molecules were sufficiently dilute to ensure that any tether was likely with an average probability exceeding 90 % to represent a single molecule of PCDH15, rather than two or more at once (SI Appendix, Table S1 ). We incubated the sample for 1 hr at room temperature to allow the carboxy termini of the PCDH15 molecules, each fused to a SpyTag, to covalently bind to the SpyCatcher proteins on the surface of the pedestal beads. The biotinylated amino termini were then directed radially outward from the pedestal beads and thus available for coupling to streptavidin-coated probe beads. The sample was subsequently washed with copious amounts of blocking-buffer solution to remove any unbound PCDH15 monomers.
The blocking buffer was replaced with sample-buffer solution consisting of 20 mM TrisHCl pH 7.5, 150 mM NaCl, and 10 mg/ml sulfhydryl-blocked bovine serum albumin (100-10SB, , whereas a very high BSA concentration, 100 mg/ml, sequesters a significant amount of Ca 2+ (SI Appendix, Fig. S9B ).
High-bandwidth and high-precision optical trapping and tracking All data were acquired using a custom-built photonic-force microscope 9 , which in this instance was upright rather than inverted. The microscope could track the three-dimensional position of a weakly optically trapped, 1 µm-diameter probe bead with an integration time of 1 µs, sampled at a frequency of 100 kHz, with sub-nanometer precision. In brief, the position-sensing 1064 nm laser beam (Mephisto 500 mW, Coherent, CA, USA) was expanded and focused into the sample chamber through a high-numerical aperture water-immersion objective lens (UPlanSApo 60xW, Olympus, Tokyo, Japan). This beam formed a weak optical trap that confined the probe bead. We collected light forward-scattered by the probe bead together with the unscattered portion of the beam on a quadrant photodiode, where the two waves interfered. The signals of the four quadrants were related to the three-dimensional position of the bead in the optical trap 10 . The microscope's position error over one extension-relaxation cycle with a duration of 1 s was given by integrating the power-spectral density of position noise from 1 Hz to 1 MHz, corresponding to root-mean-squared values of 0.6 nm, 0.3 nm, and 0.4 nm along the x-, y-, and z-axes respectively 11, 12 . Experiments were performed with the protein tether oriented along the y-axis, that with highest precision. Typical spring constants of the weak position-sensing trap were 6 µN·m -1 , 7.5 µN·m -1 , and 2 µN·m -1 along the x-, y-, and z-axes respectively. At very high stimulus forces of tens of piconewtons the probe bead was at its maximum extension of about 150 nm along the y-axis from the center of the position-sensing optical trap, corresponding to a maximum force generated by this trap of 1.1 pN. For lower stimulus forces and smaller extensions, the force was considerably less than 1 pN. Because the force generated by the position-sensing optical trap was very small compared to the stimulus force, we disregarded it in our analysis.
To record hundreds of cycles, we required observation times greater than a few seconds and therefore had to compensate the microscope's slight mechanical drift. The position of the sample relative to the optical traps was controlled by a nano-positioning stage (NanoView/M375HS, Mad City Labs, WI, USA), whose position we adjusted to compensate for the drift (see below). With drift compensation in effect, the root-mean-square deviation measured along the y-axis between DC and 1 MHz during 5 min of observation was 2 nm.
In addition to the previously described position-sensing weak optical trap, we added a second optical trap to the system to apply force stimuli to the tethered proteins. We chose a wavelength of 852 nm (DL852-500, Crystalaser, Reno, NV, USA), which is near a local minimum of the action spectrum of photodamage to biological material 
Drift compensation
Although we designed the microscope's frame to minimize thermal drifts of the sample chamber with respect to the optical traps, a small drift of about 250 pm·s -1 remained 9 . To eliminate this drift, we implemented an active-feedback mechanism by using as a fiducial marker a second pedestal bead situated tens of micrometers from the pedestal to which a single molecule was tethered. The motion of the pedestal bead reflects the drift of the sample chamber with respect to the microscope frame. A camera (pco.edge 5.5, PCO, Kelheim, Germany) tracked the threedimensional position of this pedestal bead at a frequency of 5 Hz. The pedestal's position signal was then used as the input of a proportional-integral-differential feedback loop that adjusted the position of the nano-positioning stage to compensate for the sample's drift. To test the fidelity of this method, we immobilized a probe bead on a sample chamber's coverslip, positioned it at the focus of the position-sensing optical trap, and used the microscope to determine its position while drift compensation was active. We found that linear drifts were eliminated and that the root-mean-square variation of the position signal along the y-axis of 2 nm over 5 min remained.
Calibration, linearization, and correction of the probe-position signal
The three-dimensional detector's non-linear response was linearized and calibrated in situ for each individual probe bead 14 . The calibration depended upon the viscosity of the buffer solution, which we corrected for the presence of 10 mg/ml bovine serum albumin as described 15 .
The probe bead forward-scattered a portion of the position-sensing laser beam, and we We adjusted the intensity of the stimulus laser using an electro-optical modulator. At high attenuation, close to extinction, the beam profile at the exit of the modulator deviated from a Gaussian function, which laterally shifted the position of the stimulus trap within the sample chamber by a few nanometers. We recorded this shift during the calibration procedure for each probe bead and accounted for it when calculating the laser intensity-dependent force on the probe bead.
Initiation of single-molecule experiments
To initiate a single-molecule experiment, we optically trapped a probe bead deep in solution and calibrated the position sensor and the stiffnesses of both optical traps. We next positioned the bead's center at a height of 1 µm from the functionalized coverslip, with its mean axial position at the equator of the attached pedestal beads. This height was determined by slowly moving the coverslip towards the optical trap until the probe bead's axial thermal motion began to be confined by the coverslip, then retracting the coverslip by an appropriate distance 11 .
The sample was moved laterally so that the probe bead was aligned along the y-axis with a pedestal bead. After recording a reference signal to account for light scattered by the pedestal we gently maneuvered the pedestal bead towards the optical trap until the probe's Brownian motion along the y-axis began to be restricted by the pedestal. When a PCDH15 molecule was present on the surface of the pedestal bead and within reach of the Brownian motion of the probe bead, a single molecule tether formed between the amino terminal biotin on the protein and a streptavidin molecule on the probe bead. The concentration of PCDH15 was adjusted so that an average of only 17 % of such approaches resulted in tether formation, on average giving rise to a 90 % confidence of single-molecule conditions 17 (SI Appendix, Table S1 ). The position of the stimulus trap was then displaced by 200 nm along the y-axis. Before the force was lowered to the holding level, a brief increase in the intensity of the stimulus beam provided a force pulse of several tens of piconewtons to the tethered protein. This operation ensured that no portion of the protein was nonspecifically attached to either of the confining surfaces and that the full contour of the protein linked the two beads at the beginning of the extension-relaxation cycles.
Force ramps were then applied to the tethered protein by repeatedly increasing and decreasing the intensity of the stimulus trap (SI Appendix, Fig. S1 ).
Control of non-specific attachments
For a successful single-molecule experiment it is imperative that the overwhelming majority of tethers between pedestal and probe beads constitutes PCDH15 molecules anchored at their amino and carboxy termini by respectively biotin and SpyTag: only a very small number of nonspecific tethers should occur.
We tested whether streptavidin-coated probe beads would tether to SpyCatcher molecules on pedestal beads in the absence of PCDH15. Out of 65 attempts of initiating such non-specific tethering with two samples and four probe beads, only one bond formed, which ripped off immediately upon application of a stimulus force. We concluded that all stable tethers that we observed in our single-molecule experiments resulted from PCDH15 molecules or, in the case of control experiments to test the assay's mechanics, from linker-peptide constructs.
To exclude any non-specific interactions between PCDH15 and either of the beads, we next confirmed that these PCDH15 tethers formed only if both the SpyTag-SpyCatcher and biotinstreptavidin interactions were present. Pedestal beads were coupled to a coverslip and incubated with 0.15 mg/ml PCDH15 in blocking-buffer solution for 1 hr at room temperature to allow the proteins to react with the pedestals. The coverslip was then washed with copious amounts of blocking-buffer solution to remove any free PCDH15 molecules before the addition of a high concentration of probe beads in blocking-buffer solution. The probe beads were allowed to bind to the PCDH15 molecules on the pedestal beads for 1 hr before the coverslip was washed once more and then imaged.
As a positive control, with both sets of anchors intact, we found an average of 3.25 probe beads bound to each pedestal bead for the given reaction conditions (SI Appendix, Table S2 ). To test whether the carboxy-terminal SpyCatcher-SpyTag anchor participated in the tether, we generated pedestal beads without SpyCatcher and attempted to attach probe beads to them through PCDH15 molecules using the procedure described above. We found that tethering of probe beads was completely abolished in the absence of SpyCatcher, confirming that the SpyCatcher-SpyTag interaction was an essential part of the formed tethers (SI Appendix, Table S2 ).
To determine whether the amino termini of our tethers were anchored to the probe beads through the biotin-streptavidin interaction, we attempted to tether probe beads to SpyCatcher-positive pedestals through PCDH15 molecules that had not been biotinylated. We again found that tether formation was completely abolished, confirming that the amino-terminal confinement in our single-molecule experiments occurred through the biotin-streptavidin interaction (SI Appendix, Table S2 ).
We concluded that our single-molecule assay was highly specific: molecular tethers formed in the presence of an appropriately tagged construct. If either of the pairs of anchors was disrupted, tether formation was completely abolished.
Determination of the molecule's anchor position
The anchor position of the protein tether along the axis of extension was an important parameter that had to be determined before our protein model could be fit to the data. We determined this anchor position by analyzing the three-dimensional probability distribution of the motion of the tethered probe bead in the absence of externally applied tension. The pedestal bead appeared as a forbidden volume in the spatial probability distribution of the tethered probe bead, a socalled three-dimensional thermal-noise image 9 . The intersection of the surface of the pedestal bead with the axis of extension was defined as the anchor position of the tether.
Sources of uncertainty
Our data are subject to several different sources of measurement uncertainty. In the following we refer to the variability within one single-molecule experiments as "precision," whereas we use "accuracy" to refer to the uncertainty between experiments.
The extension of a molecular tether could be measured with the same precision with which the photonic-force microscope could measure the position of the probe bead. To determine this value, we attached a probe bead to a glass coverslip, positioned it in the center of the position-sensing optical trap, and activated the microscope's drift compensation. Between 1 Hz and 1 MHz, the interferometric position signal of the immobilized probe had a band-limited standard deviation of 0.3 nm along the y-axis, the axis along which we extended single-molecule tethers (SI Appendix, Table S3 ). Over 5 min of observation, the standard deviation for the full bandwidth of DC to 1 MHz was 2 nm.
The accuracy of the position sensor depends on the fidelity of its calibration, which can be tested by its comparison to a calibrated standard. We confined a probe bead in the weak position-sensing optical trap, calibrated the position sensor, and then switched on the highintensity stimulus trap. This trap was then displaced laterally with respect to the position-sensing trap so that the position sensor reported a displacement of 250 nm. We then compared this nominal displacement to that detected by a camera that acquired brightfield images of the focal plane. The camera had previously been calibrated to accord with well-defined displacements of the nano-positioning stage. Across twelve probe beads, the camera read out an average displacement of 250 ± 13 nm (mean ± SD), values that were in excellent agreement with the microscope's position sensor. We concluded that the bead-to-bead variability of the calibration was 5 % (SI Appendix, Table S3 ). Because the radius of the probe bead was the parameter with the greatest uncertainty during the calibration procedure, this value also set an upper bound of 5 % on the coefficient of variation of the diameter of our probe beads.
The pedestal bead scattered a small portion of the position sensing beam, which led to an offset of the position signal that was dependent on the pedestal's position. Although we corrected for this effect through a reference signal, there remained a position offset of ± 4 nm peak-to-peak or 3 nm root-mean-square. This problem contributed uncertainty to the measured displacement between the position-sensing trap and the stimulus trap and thus resulted in reduced accuracy (SI Appendix, Table S3 ). The total accuracy of a nominal distance of 200 nm between the position-sensing trap and stimulus trap was then 10 nm root-mean-square (SI Appendix, Table S3 ). During a single-molecule experiment, the precision of this distance was impacted by the slow relative drift between the two optical traps, which we measured as 3 pm·s -1
(SI Appendix, Table S3 ).
Because the spring constant of the stimulus trap depended linearly on the intensity of the stimulus beam, any variation in the beam's intensity decreased the precision of the spring constant. The spring constant's root-mean-square noise was 0.27 µN·m -1 over 20 s with a vanishingly small drift (SI Appendix, Table S3 ). We computed the spring constant from the powerspectral density of the motion of a probe bead as 16 = 2 ' . The error of the drag γ was determined by the uncertainty of the probe bead's radius (5 %) and exceeded the error of the corner frequency ' . Depending on the radius of the probe bead, the spring constant of the stimulus trap was therefore accurate to within 5 % of the calibrated value (SI Appendix, Table S3 ).
We determined the force on the trapped probe bead as the product of its extension from the stimulus trap and the trap's stiffness. Consequently, the precision of the force could be Table S3 ). For smaller displacements and lower laser powers this uncertainty was lower.
Polymer model
We modeled PCDH15 as a freely-jointed chain with N = 11 segments, each of length b, representing the eleven stiff cadherin domains 18 . The model included in series a worm-like chain 19, 20 characterized by a persistence length lppeptide and a contour length lclinkers,total = 10 lclinker, which accounted for the ten flexible disordered linker regions between the stiff domains. Any enthalpic extensibility of the protein was described by a Hookean spring with stiffness kfolded (SI Appendix, Fig. S6 ). Elongation of the protein through the unfolding of each domain was described by the addition of another worm-like chain. Because unfolded polypeptide chains are structurally similar to the inter-domain linker regions, the unfolded portions of the protein were described with an identical persistence length and a contour length of lcunfolded.
The extension-force relation of the protein was described by the sum of the extension- When a force was applied to a single-molecule tether, not only did the tether stretch, but so did the system's remaining elastic elements, the anchors and linkers in series with the tether (SI Appendix, Fig. S10 ). We demonstrated experimentally that the combined mechanics of the assay without PCDH15 could be described by an additional extensible worm-like chain (SI Appendix, Fig. S11 ), for which we found across nine experiments an average persistence length lpanchors = 0.5 ± 0.1 nm, contour length lcanchors = 37 ± 4 nm, and Hookean spring constant kanchors = 7.2 ± 1.3 mNm -1 (means ± SEMs).
The total polymer model that we fitted to our data was therefore given by 
Determination of the stiffness of PCDH15 and influence of molecular anchors and beads on the measured stiffness Our force-extension relations capture the mechanics of PCDH15 in series with its molecular anchors and with any compliance of the probe and pedestal beads (SI Appendix, Fig. S10 ). To determine the contribution of these elements to our measurements, we conducted experiments without PCDH15 by fusing the amino-and carboxy-terminal anchors and testing their elastic properties in series with the pedestal and probe beads (SI Appendix, Fig. S11 ). PCDH15's stiffness could then be determined by treating the whole system as a series of nonlinear springs, 
Detection of structural changes and fitting of data
The position and force signals (Fig S1b,c) , sampled at 100 kHz, were split into individual extension-relaxation cycles and smoothed with a second order Savitzky-Golay filter over a window of 101 points, which reduced the temporal resolution to 1 ms. Conformational changes of the protein were automatically detected as sudden increases or decreases in the filtered probe-position signal. To determine whether a structural change occurred at point i of the time trace, we computed the averages and standard deviations of 1000 points preceding and succeeding i, 〈 〉 :-9, , 〈 〉 *.Šz, , σleft, and σright. A structural change was detected at point i if ‹〈 〉 :-9, − 〈 〉 *.Šz, ‹ > 4
Structural changes that did not fulfill this criterion were missed by our algorithm. If two or more structural changes occurred within 10 ms of one another, our algorithm detected only one larger event.
We then segmented each extension-relaxation cycle into its individual states, demarcated by the structural changes, and fit our polymer model to each of the segments. To facilitate meaningful fits, we sought to constrain the number of free parameters in our polymer model We then fitted State 1 with our protein model to determine the remaining free parameters of the folded protein, lclinker, b, and kfolded (Table 1) . Finally, we fitted all segments of all extension-relaxation cycles with the polymer model, with lclinker, b, and kfolded held constant at the values determined for the individual proteins, with lcunfolded as the only free parameter. The changes of lcunfolded between adjacent segments then described the end-to-end elongation of the tether due to unfolding events (Fig. 2 ).
Statistical dependence of events A U and B U
In order to test whether the order of occurrence of events AU and BU is statistically significant, we simulated extension trials with independent probability densities for the two events such that the resulting force distributions for each of the classes of rips was identical to our experiments.
We then showed that the sequence of events in these simulations did not match our experimental observations, proving that the probability densities underlying our experiments are statistically dependent.
For every simulated trial, we first drew two random numbers to determine whether both rips would occur during the extension. The probabilities pA and pB for respective events AU and BU were determined separately from the experimental data for each PCDH15 molecule. For traces that contained both rips, a parameter representing the pulling force was then linearly increased from 0 pN to 80 pN in steps dF = 0.1 pN. After each force increment we allowed rips AU and BU to occur with independent probabilities ™ ( ) and › ( ) , in which rA,B represent probability densities. Because each class of rips represents a unique structural change, once a rip of either type had occurred no further event of that class could follow. The simulated record was discarded if neither or only one of the rips occurred over the simulated force range. The probability densities ™,› ( ) were independently determined for each protein and could be calculated from the experimentally observed force histograms of rips ™,› ( ):
in which ™,› ( ) is the probability of finding rip AU (or BU) at force F and ⋅ ™,› is the number of extension trials that contain rip AU (or BU). The factor in parentheses is the probability that at force F during an extension a rip has not yet occurred at forces lower than F. This factor accounts for the fact that we draw from ™,› ( ) for linearly increasing F, and stop drawing from the distribution when a rip occurs. We accordingly can draw from ] in the same manner, we again routinely observed fewer trials in which rip AU occurred before rip BU than predicted by our simulations. At this physiological Ca 2+ concentration, however, the difference between the observed and expected number of sequences AB was no longer statistically significant at p < 0.1.
Transformation of force histograms into force-dependent rate constants
We transformed the measured distribution of rip forces of type CU into force-dependent unfolding rate constants 21 . PCDH15 consists of 11 domains that we approximated as equivalent for this analysis. In this approximation, they are each assumed to be equally likely to unfold under force. Hence, a fully folded PCDH15 molecule is eleven times more likely to unfold a domain than a PCDH15 molecule with only one folded domain. To arrive at correct values for the unfolding rates of individual cadherin domains, we therefore computed individual force histograms of CU events originating from each of the states of the protein. We then weighted the measured force histograms with the number of folded cadherin domains in each state: for example, the force histogram for domain unfolding from States 1 and 2, which both correspond to PCDH15 with eleven (at least partially) folded cadherin domains, was divided by n = 11 domains. The weighted force histograms were then combined and the remaining analysis performed 21 . Our weighting of the force histograms is similar to the weighting that has been employed in pseudo dwell time analysis for the determination of un-and refolding rates in chains of identical titin domains 22 . to the thermal motion of the bead, they cannot be reliably detected by our method. We can confidently identify a folding event if the change in end-to-end distance is larger than four times the standard deviation of the thermal motion (black dashed line, 1 MHz bandwidth; dashed red line, signal low-pass filtered to 1 kHz). The intersection of the dashed and solid lines therefore defines the force below which a given structural change can no longer be reliably resolved for a particular temporal resolution. The band-limited thermal noise in the probe bead's position was computed as the integral of the power-spectral density of the bead's motion 16, 12 .
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SI Tables   Table S1 . Confidence of tethering a single PCDH15 molecule rather than several 17 immunoglobin-like folds 24 . During the waiting time between trials, an unfolded domain might refold completely, fold into a molten-globule state, or not refold at all. If folding were to occur, the domain might unfold during the next extension from the completely folded state or from the molten-globule state. We cannot differentiate between these two possibilities, for they would result in indistinguishable contour-length changes. Molten globules are known to unfold readily at low forces 24, 25 . Because such rapid unfolding events would increase our measured unfolding rates, they might explain the unexpected behavior observed at low tensions. 
